This paper exam ines q u an titativ ely th e behaviour of nitrogen gas em itting th e after-glow, under varied conditions.
N umber op light quanta emitted relative TO NUMBER OF MOLECULES PRESENT
Whatever view may be taken of the processes preceding the emission of light by active nitrogen, the final emission is without doubt by excited molecules. I t appeared of interest to determine how the number of excited molecules emitting light would compare with the total number of nitrogen molecules present, when the after-glow was as bright and as persistent as it can easily be made. The number of emitting molecules is taken to be the same as the number of light quanta given out in the whole course of decay.
In order to determine this number by any photometric process, it is in strictness necessary to take into account th at they are not all of the same frequency. The after-glow spectrum consists chiefly of three heads of the first positive nitrogen bands. The maximum luminosity of the visual spec trum is at A 5550, and the wave-lengths of the bands in question and their luminosities in terms of this maximum are as follows (Walsh 1926, The question may be raised whether the a system of bands have great energy in the infra-red. The photograph by Kichlu and Acharya (1929) on a neocyanine plate show the infra-red bands in the region 7500-9000 very feebly compared with any of the visual bands 5053, 5371, and 5755, in spite of the fact th at the plate is sensitized for the former and not for the latter. We may fairly infer that the infra-red contribution is not important.
If the light emitted were all of the wave-length 5560, which is the point of maximum luminosity in the spectrum for a normal eye, we could express it in terms of energy by using the " mechanical equivalent of lig h t" 1-6 x 103 W per lumen (Ives 1924) .
Since the wave-lengths actually in question are of less than the maximum luminosity, the measured emission of light will lead to an underestimate of the energy, and hence of the number of quanta reckoned on the basis of A 5560. Moreover, the quantum energy of these bands (with the exception of A 5371) is less than the quantum energy of A 5560, so this again will probably tend to an underestimate. Nevertheless, the corrections which should be introduced are probably not very important, and could not be found without a difficult spectrophotometric analysis of the light. They will therefore in the first instance be ignored. I t is convenient to calculate as a standard datum the total emission in candle-seconds to be obtained from 1 c.c. of excited nitrogen, at N.T.P., supposing that each molecule gave out one quantum of light A 5560, wave number 18,000 cm.-1.
The quantum hv -6-55 x 10-27 x 3 x 1010 x 18,000 = 3-573 x 10~12 erg.
Multiplying this by the number of molecules in c.c., 2-75 x 1019, we get for the total emission 9-73 x 107 erg. So th at 9-73 x 107 erg will yield 9-73 x 107/2-02 x 105 candle-sec., or 4-82 x 102 candle-sec., which is the desired datum. It may be regarded as a kind of theoretical maximum for integrated nitrogen after-glow.
We have now to consider what fraction of it is actually yielded in practical cases. It is scarcely necessary to say that in such cases the nitrogen will not be at N.T.P., but highly rarefied.
There is a technical difficulty in getting the brightest possible after-glow, combined with the longest duration. For long duration we require to have the walls coated with sulphuric, or phosphoric acid, to minimize the wall effect (Rayleigh 1935, p. 569) . But a vessel so coated is unsuitable for generating active nitrogen, because the discharge decomposes the coating, and contaminates the nitrogen. On the other hand, time is required to pass the excited gas from a clean to a coated vessel, and during this time the greatest brightness which contributes largely to the integrated total is lost. A compromise was adopted, which practically amounts to coating part of a composite vessel. I t was found satisfactory. A small flask of 300 c.c. capacity with clean glass walls was used for generating the active gas. I t was fastened with plasticine into the neck of a large globe 19 1. capacity (figure 1). The plasticine was applied outside, in the re-entrant angle, so th at the gas had little access to it. The neck of the small flask, which pro jected into the large one, was about 4-3 cm. in diameter.
1-2
The glowing gas was generated in the smaller vessel, and passed into the larger one by diffusion, and by a kind of pumping action caused by the interm ittent discharge. The walls of the larger vessel were coated with gummy phosphoric acid, and some undeliquesced phosphorus pentoxide lay on the bottom. The coated walls, kept dry in this way, are favourable. The uncoated walls of the smaller vessel are less favourable, but the area of this is comparatively small, and the aggregate result was satisfactory, the glow' once generated remaining visible for several hours.
Preliminary photographic tests wT ere made to determine wdiat was the best pressure to use, in order to get the highest ratio of integrated light to gas density. The plate wras exposed for the whole duration of the after-glow, and inte grated the light automatically, well enough at any rate for approximate pur poses. The number of excitation given was inversely as the pressure. In this way it was found th at a pressure in the neighbourhood of 0-2 mm. was best with the discharge arrangements used, and this pressure wras adopted.
The light of the exciting discharge was F ig u r e 1 cut off by covering the small bulb, and also the neck of the large globe with opaque material, so th at only the after-glow light in the large bulb wras able to emerge horizontally. The initial intensity could thus be determined while the exciting discharge w'as running, which is advantageous. Although photometric observations can readily be made as the glow' decays through a given intensity, it would be difficult to begin observation at the exact moment the discharge was turned off; and the first few seconds are all-important. For the photometry it w as useless to attem pt any great refinement, and the simple method of Bouguer's photometer with a diffusing screen was used. A wooden cube had two adjacent sides coated with white paper, t he corner forming the photometric edge (figure 2). One side wras illuminated by the after-glow bulb, and the other by the standard source, a small incandescent lamp measured at the National Physical Laboratory.
The following was a typical experiment: From these data the time integral was determined graphically as 3T8 candle-sec.
Although the luminosity in the bulb remains visible for hours, its equivalent duration at the initial intensity is only about 3 sec. The prolonged faint luminosity contributes very little to the total.
In the above experiment the gas pressure was 0-215 mm. of mercury, and the volume 19 1. Thus the volume of gas reduced to N.T.P. is 5-08 c.c. and the light emitted 0-626 candle-sec. per c.c.
We have seen th at if every molecule present gave out a quantum, the light would amount to 4-82 x 102 candle-sec. per c.c. The actual emission is 1-3 x 10~3 of this.
I do not think it would be easy to get a very much larger fraction. It is believed that the wall effect was small, and the initial glow was very bright, judging from previous general experience. The only direction in which there is possible scope for improvement is in the use of more powerful discharges. This would require costly equipment, and it is doubtful whether the bright ness would be much increased. Even if, contrary to expectation, the light were increased a few times, it would still remain a small fraction of the calculated maximum.
Increasing the concentration of inert nitrogen, the CONCENTRATION OF ACTIVE NITROGEN REMAINING CONSTANT
The question of whether collisions with ordinary nitrogen molecules enter into the glow process suggests the experiment of adding nitrogen to the glowing gas, and observing whether any increase of luminosity results. I tried this experiment many years ago (Strutt 1912, p. 266) , but observed no increased luminosity, unless the nitrogen was introduced in such a way as to cause local compression. I t was subsequently repeated by Bonhoeffer and Kaminsky (1927) who also got a negative result. Later, the same experiment was carefully made by Kneser (1929) who was able to observe an increase of luminosity, and interpreted it as proving th a t the tempo of the whole process was in fact conditioned by collisions with neutral molecules.
I have not hitherto been completely satisfied by Kneser's results (Rayleigh J935, P-583), partly because of the earlier negative results mentioned, but mainly because the results of experiments on the compression of the glowing gas appeared inconsistent with it. I have recently returned to the question and am now quite satisfied th a t Kneser is right.
I t appeared that if such a test was made in a large vessel under conditions where the decay was so slow th at it did not make much difference from minute to minute, the enhanced luminosity, if real, must come into evidence, and remain visible for so long th at local compression of active gas in the vessel could not possibly explain it. I t was thought best not to aim at spectacular effects, but to design the experiment so as to give results of quantitative value.
In this work the uranium photometer was used which has already been described (Rayleigh 1935, p. 574 ). I t is enough to mention th at the luminosity of the gas is matched against the (weak) luminosity of potassium uranyl sulphate. This latter is stimulated by its own radioactivity, and is constant in intensity. Equalization is effected by a series of calibrated neutral glasses.
Two series of experiments were made at different times. In one, a glass bulb of 12 1. capacity was used, which had been washed out with weak hydrofluoric acid, allowed to drain, and subsequently exhausted over phos phorus pentoxide. This bulb was uncoated. The discharge was passed in it, at a low pressure, and the after-glow observed photometrically. When it had sunk to the same intensity as the potassium uranyl sulphate in the photo meter more nitrogen was immediately admitted from a space between two taps, so as to increase the pressure about fivefold. The gas brightened up as described by Kneser, and the intensity was measured as soon as possible, and its further decay observed. The following is a sample experiment: tim e (min.) 0 2-4 I 6-5 7 1 9-2 13-4 log10 in tensity 0-6 0-3 0-0 t Gas adm ission 0-7 0-3 0-0
The initial pressure was 3*4 x 10~3 cm., and the final pressure 17-4 x 10 3 cm.
Increase of nitrogen pressure 5*1 times.
Increase of light 5-0 times.
Later the experiments were repeated, using the 19 1. globe coated with phosphoric acid, with discharge annexe uncoated (figure 1). This gave a slower decay of the glow, and allowed more time for making the observa tions: Initial pressure 2*7 x 10~3 cm. Final pressure 12-8 x 10~3 cm. In this case, no attem pt was made at a very quick observation of the increased intensity, but a small extrapolation backwards in time was made to determine it (see figure 3) .
It was found th at Increase of gas pressure was 4-73 times. Increase of light 4-5 times.
These experiments were made at very low intensity, the brightness, viewed along a diameter of the bulb, being about 5 x 10~9 candles per sq. cm. which is near the minimum for satisfactory photometric observation. They indicate th at the intensity is increased in the same ratio as the nitrogen pressure. Experiments made by admitting nitrogen to an after-glow some 9 or 10 times brighter than this gave only about a twofold increase of light when the nitrogen pressure was increased 5 times.
Kneser's results were similar. He obtained (Kneser 1929, p. 244) about a threefold increase of light when he increased the pressure tenfold, from 5 x 10-3 cm. to 5 x 10~2 cm. Evidently some disturbing cause comes in which, it may be suspected, is more conspicuous with higher gas pressures and glow intensities. Probably the same cause would account for the negative results of the earlier qualitative experiments on this effect: but I have not attem pted to probe it further, because other problems seemed more urgent. 3 8
Lord Rayleigh tim e (min.) In the experiment just described, we vary the concentration of inert nitrogen, maintaining the concentration of active nitrogen constant. I now come to experiments in which the converse charge is made, the concentration of inert nitrogen being maintained approximately constant, while the con centration of active gas is Varied. This is done by allowing active nitrogen to diffuse from a smaller to a larger volume of inert nitrogen.
Two flasks (A, B, figure 4), of 1 litre volume each, were moistened with strong sulphuric acid, and fitted by means of ground joints to the two sides of a stopcock, C, of 1 cm. bore. The electrodeless discharge can be passed in the auxiliary vessel, D. In making an experiment, the whole is filled with nitrogen at low pressure. C is closed, E remaining open. The discharge is passed in D, and active nitrogen passes into A by diffusion. The discharge is stopped, and the temperature and pressure allowed to settle down to uniformity. E is closed and the glow in A is allowed to decay to a suitable intensity, as measured by the uranium photometer. The moment the chosen intensity is arrived at, C is opened. The glow then quickly diffuses into B, and under the conditions used, this occurs quickly enough for the decay during the time of diffusion to be of small import ance. The intensity in A diminished, and in B it increases, equality being reached in a few seconds. The light in B is watched with the photometer, and its maximum intensity noted.
In making a series of such tests, it would be possible after an experiment to wait for the glow to fade away completely, and then to excite again: but this is waste ful of time. I t is better to exhaust and recharge with fresh gas.
The measurements, which have to be made quickly, are somewhat difficult to carry out at the low intensity of the uranium photometer, and a photo meter provided with a phosphorescent screen about 5 to 8 times as bright as this was used. It was of Balmain's paint, exposed to daylight some hours previously, and remained sensibly constant during a test, which is all th at is strictly required. Moreover, it remained pretty constant during a set of tests, so that the conditions of each test did not vary greatly from th at of the others of a set. log10 initial intensity 0-5 0-6 0-7 0-6 0-6 0*6 0-7 logic final intensity < 0 < 0 > 0 < 0 < 0 0 > 0 log10 intensity ratio = 0*63 say Intensity ratio = 4-3
In discussing these experiments it is assumed th a t the active gas, a t these low luminosities, is a negligible fraction of the whole. This being so, we con clude th at if the active gas contained in 1 litre of rarefied nitrogen is allowed to diffuse quickly into 2 litres the candle power per unit volume is diminished about 4-3-fold. This is in fair agreement with the value 4, which would be expected if the reaction were bimolecular as regards active nitrogen. I t is thus in agreement with the conclusion which has generally been drawn from observations on the rate of decay of the luminosity in a closed vessel.
Increasing simultaneously the concentration of active and inert nitrogen
The results arrived at so far allow us to predict what should be the effect of compressing the glowing gas. Let unit volume be suddenly compressed to volume \jn .This will increase the concentration of (1) inert nitrogen, and (2) the active nitrogen. The initial luminosity should be increased n times by (1) and n2 times by (2). So th at on the whole it should be incr nz times. This is not in agreement with my own experiments, which appear to be the only ones hitherto made (Rayleigh 1935) . These experiments were more consistent with an n2 law, and the brightness certainly did not increase as much as an n3 law would require.
I have returned to the question in the hope of clearing it up. In the former experiments the piston which compressed the gas was a rising column of mercury, covered with a layer of sulphuric acid. I t was found that sulphuric acid alone would not do, for the glow was extinguished as soon as the acid was caused to rise. This was attributed to gaseous impurities coming out of the moving acid. It is possible th at even a film of acid may have acted in the same direction. Moreover, a liquid piston is open to the objection that it cannot well be started very quickly from rest; thus the compression takes time, and the question of decay of luminosity enters. I t is true th at in the previous work this was judged not to be of much practical importance; but in returning to the problem I decided to use a solid piston, which can be quickly moved from its initial to its final position in the cylinder. Figure 5 shows the arrangement. A is the glass com pression cylinder. Glowing gas diffuses in a t B from a store in a large bulb similar to th at shown in figure 1 . The piston C is of indiarubber coated with gummy semideliquesced phosphoric acid, which acts as a lubricant, keeping it tight, and helped it to move freely in the cylinder. The piston rod of glass moves up through a barometric column as shown. The handle D controls it. When enough glowing gas has diffused in, the piston is raised to a standard position just above the post B, isolat ing the gas in the cylinder. At this stage the handle D rests on the lowrer of the two stops (not shown). Compres sion was always to half volume, and it was made by raising it to an upper stop. This operation could be carried out by the assistant in a fraction of a second. The stopper E at the top is for the introduction of the metaphosphoric acid lubricant. The same material serves to cement the stopper airtight. The 'whole cylinder is coated internally with metaphosphoric acid, to minimize the unfavourable effect of the walls on the glowing gas. The photometer is applied near the top, its field being shown by the dotted square.
In working with this apparatus, it is necessary to make sure that the piston has enough lubricant on it for tight ness. The test of this is to raise it above the point B, and observe whether the glowing gas is able to diffuse past it. If not, the piston may be considered tight. This is quite a sensitive test, and is directed to the exact point at issue.
The best experiments with this apparatus were made with an initial intensity about 4 times th at of potassium uranyl sulphate. Since, however, we are looking at only 3 cm. thickness of the luminous gas, this represents a much greater intrinsic luminosity of the gas than was used in looking along the diameter of large flasks or globes in some of the previous experiments. The initial nitrogen pressure wras 2*7 x 10-3 cm. and it was compressed to twice the amount. err* (i actual size.) log10 initial intensity 0 0 0 0 0 0 0 0 0 l°gio final intensity >0-8 0*9 0*9 >0-8 < 1-0 >0-8 0*9 <1*0 <1-0 log10 intensity ratio = 0-9 Intensity ratio = 7-9
Thus the experiments confirm, as accurately as could be expected, th a t the brightness varies as the inverse cube of the volume. As already shown, this result is the logical conclusion from, and confirmation of, the previous experiments in which the concentration of (1) the inert nitrogen and (2) the active nitrogen are separately varied.
D iminishing simultaneously the concentration of ACTIVE AND INERT NITROGEN
Notwithstanding this apparently satisfactory result, it was thought desirable to try to get a further experiment linked with the others. That is, expansion of the glowing gas as a whole, instead of compression. The method used for carrying this out does not differ much from th a t used for the diffusion experiment. The apparatus is the same (figure 5). The only dif ference is th at the flask B is exhausted beforehand with cooled charcoal, so th a t on establishing communication between A and B the glowing gas passes out into a vacuum instead of diffusing into a nitrogen atmosphere. The photometer was used with the low luminosity of potassium-uranyl sulphate.
Initial pressure 2 x 10~2 cm. log10 initial intensity 0*9 0-9 0-8 0-9 0-9 0*9 0-9 logio final intensity 0-1 0*1 0*0 0-1 0-1 0-1 0-1 log10 intensity ratio = 0-8 Intensity ratio = 6-3
Initial pressure 5 x 10~3 cm.
log10 initial intensity 0-9 0-9 0-9 0-9 logio final intensity 0-05 0 05 0-05 0*10 log10 intensity ratio = 0*85 Intensity ratio = 71
The diminution of brightness is definitely less than was expected. The intensity ratio should be 8-0 and it is not found in any single experiment to be more than 7*1. In other words, after the expansion the gas is brighter than it ought to be in the ratio of at least 1*12. That it really was too bright was checked by putting the eightfold reduction on the photometer, and observing th at in fact the expanded gas was brighter than the standard light so reduced. I t is difficult to explain this result or to see how it can be fitted into the scheme of thought which serves to co-ordinate most of the others. Most of the complications which suggest themselves as possible would tend to make the gas less bright than the simple theory would lead one to expect. But here the final brightness is definitely too great, and it seems certain th at there is a residual effect unexplained.
E f f e c t o f t e m p e r a t u r e c h a n g e
It was observed at an early stage of my investigations on active nitrogen th at the glow became brighter at low temperatures (Strutt 1911, p. 221) . Further, it was established th at this effect could not be wholly explained as the result of increased concentration of the active material in the cooled part of the vessel (Strutt 1911, p. 262) . It was, as pointed out a t the time, a unique example of a reaction velocity being ac celerated by lowering of temperature (Strutt 1911, p. 264) .
Since then, a few other examples of such reac tions have come to light. In particular, Bodenstein's (1922) measurements of the rate of oxidation of nitric oxide by oxygen have shown a negative temperature coefficient. It is of interest that this is one of the few examples of a termolecular reaction, and Bodenstein interprets his result as due to an increase in the time during which two of the partners remain in association which increases the chance of collision with the third partner.
Since the evidence collected in the present in vestigation points strongly to a termolecular reac tion in the reversion of active nitrogen to ordinary nitrogen, I was led to a quantitative measurement of the temperature effect, such as could hardly have been carried out with the technique of the earlier period.
A vessel of 300 c.c. capacity, shown in figure 6, was connected to the 19 1. globe. It had two legs 10 cm. long and 1-5 cm. internal diameter. The glow passed into this vessel by diffusion. One of the (^ actual size.) legs was kept at the ordinary tem perature (15° C) while the other was heated or cooled. To take the most extreme case when the cooling was in liquid oxygen ( -183° C) it was found th a t the brightness which was greatly enhanced by the low temperature was uniform throughout the distance of 7 cm. from the bottom, of which 5 cm. was immersed. I t may be inferred from this th a t even the lowest part of the leg was still receiving a free supply of active nitrogen from the bulb above, and th a t the pressure equilibrium of this substance was not appreciably disturbed by its removal by decay in the upper part of the leg before it could reach the lower part. I t is judged therefore th at active nitrogen as well as the ordinary nitrogen with which it is mixed, is in pressure equilibrium in the bulb and the two legs.
The measurement consisted in comparing the intensity in the leg at room temperature with th at in the other leg which was maintained at a higher or a lower temperature. The method of comparison was to view the legs in a direction which would bring them into approximate juxtaposition (figure 7). They were then equalized by making use of a series of neutral tinted glasses of graduated and measured density. A glass was held in front of the brighter limb. The density (log10 opacity) of these glasses increased by steps of 0-1, and the measurement was made to 0-05, repre senting about 12 %.
Considering the large difference of brightness, this simple photometric method was adequate. The temperatures used were 100° C (a bath of water just boiling), -78-2° (solid carbon dioxide in alcohol) and -183° C (liquid air). The results were as follows: For experimental reasons, the brightness has been compared at a given pressure, rather than a given concentration. Before we can infer anything about the reaction velocity at different temperatures it is necessary to correct the results to what they would be if the local concentration in the cooled leg of the vessel did not occur. The concentration is taken to be inversely as the absolute temperature, and the light to vary as the cube of the concentration, in accordance with the general results of the earlier sections of this paper. The intensity at a temperature T will therefore be reduced to standard by applying a factor 288)3. This is done in the last column, and it appears that the very striking difference of brightness which follows on cooling is largely though not wholly due to the increased local concentration. There is a definite negative temperature coefficient, even when the increased concentration has been allowed for. The same thing was shown qualitatively many years ago by wholly immersing a closed bulb containing glowing nitrogen in liquid air, local changes of concentration being thus avoided. The glow was brighter in this cooled bulb than in a similar bulb initially excited to the same brightness, which was not cooled, though the light did not last so long.
The increase of reaction velocity with diminishing temperature which remains when the correction has been made is not very great: and in this respect the results resemble those of Bodenstein on the oxidation of nitric oxide. Over the extreme range investigated, his rates of reaction vary as T~i'53. The corresponding power for the present results is T~o u .
The positive temperature effect on the rate of ordinary chemical reactions is enormously more marked than the negative effect on either of these two termolecular reactions. I t often corresponds to a power 77+100, or even more.* I have much pleasure in thanking my assistant, Mr R. Thompson, for the help he has given me in this work.
